This paper describes an application of pseudo-dynamic techniques to the dynamic analysis of piping structures. Essentially it consists in coupling a direct time integration algorithm, such as the Newmark method, to an experimental step. At each time step the integration algorithm generates a displacement vector of the structure, which is prescribed for the test specimen. This is mounted in a rigid test rig fitted with a set of displacement actuators and load cells at the level of the structure degrees of freedom. The load cells allow the reading of the internal restoring force vector, which is fed back to the direct time integration algorithm in an actual time step. Further calculations for the velocity and acceleration vectors will define a new structure configuration by evaluating a new displacement vector referred to the next time step. This procedure makes it possible to assess experimentally a realistic stress distribution at sections of complex shape piping parts. The method is a precise tool in dynamic analysis and, on being carried out in a quasi-static procedure, it operates with less expensive equipment than is necessary in real dynamic test.
INTRODUCTION
The broad application areas for piping systems include in the project the influence of time-dependent load actions, following specifications in design codes. This is the case of seismic forces or those resulting from the influence of reciprocating machines included in the system. The case of seismic forces has a leading importance in this type of structure, as catastrophic effects may arise in the system, given the high amplitude of the displacements. Damage mechanisms occur in piping systems frequently at the level of supports, releasing the structure from necessary restrictions and contributing to high-level stress fields at piping details particularly vulnerable to overloads. This is the case of pipe elbows or tee connections, where these accessories undergo a considerable section distortion due to ovalization under in-plane or out-of-plane bending effects.
Relevant work in the design of seismic proof constructions has involved research techniques involving pseudodynamic methods. Aktan [1] , Aktan and Hashish [2] , Beck and Jayakumar [3] and Akao and Watabe [4] have devel-oped seismic resistant structures after pseudo-dynamic tests performed on reduced-scale models. These researchers have also studied the influence of several damping models on the reduction in the vibration amplitude, having developed dissipation energy motion supports. In the research area of buckling mechanisms of axially loaded columns submitted to transverse seismic actions, contributions have been made by Miki and co-workers [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] at the Daido Institute of Technology, Nagoya, Japan. For this purpose, pseudo-dynamic techniques were selected to define the damage model of axially loaded columns and submitted to time-variable transverse loads.
Significant contributions to the application of these techniques to the study of seismic actions on structures have been made by the European Laboratory for Structural Assessment (ELSA), part of the Joint Research Centre (JRC) located at Ispra (VA), Italy. In these research facilities, pseudo-dynamic tests were carried out with fullor reduced-scale models assembled in a huge reaction wall test rig. The simulation of seismic actions has been performed at ELSA, JRC. In these research facilities the pseudo-dynamic tests were carried out with full-or reduced-scale models, assembled in a huge reaction wall test rig. At the JRC, Pinto and co-workers [18] [19] [20] [21] [22] [23] have presented contributions on the stress analysis and damage mechanisms in civil constructions.
The application of pseudo-dynamic techniques is still expanding, meeting increasing interests in the scope of general structural design other than civil construction. The development of fully equipped test rigs is a matter of challenge and imagination for designers. In fact, the method leaves more scope for the design of test rigs for specific applications than further modifications in the method itself, which is actually quite efficient in the use both of numerical algorithms and data processing methods. This is the motivation to report in this work an incursion of pseudo-dynamic methods in the area of piping engineering.
THE NUMERICAL SOLUTION ALGORITHM
In structural dynamics, the behaviour of a structure is defined from the dynamic equilibrium equation
where [K], [C] and [M] are the stiffness, damping and mass matrices respectively, while the right-hand side is the external force vector. The procedure described in this work refers to a joint contribution between a numerical model involving equation (1) and an experimental step, which leads to the calculation of a force vector called the internal structure force or structural restoring force vector. This force vector corresponds to the effective physical (or mechanical) behaviour of the structure at the level of the selected degrees of freedom. This analysis may deal with a linear or non-linear structural behaviour.
The dynamic behaviour of the structure is numerically approached by direct time integration of equation (1) . A necessary condition to deal with pseudo-dynamic techniques demands that an implicit time integration algorithm must be used, which in this case is the Newmark method. In its usual version, as described for example by Bathe [24] or Adina Research and Development Incorporated [25] , the primary variable to be iterated is the structure global displacement vector, which allows further determination of the velocity and acceleration vectors by numerical derivation. However, a Newmark version presenting slight differences was used in this analysis. Here, an updated structure state identified by the displacement vector referred to a time step t ‡ ¢t depends on the evaluation of the structure internal restoring force vector, experimentally measured in a previous time step t. The analysis may deal with linear or non-linear behaviour, as mentioned.
In order to make it possible to couple the variables included in the numerical iteration algorithm with experimentally measured parameters, as described, an efficient version proposed by Liu [26] was used. The version considers at time step t the experimental evaluation of the structure internal restoring force vector at the level of degrees of freedom. This vector is given by the product [K]U t , where [K] is the global structure stiffness matrix and U t is the displacement vector. The procedure holds for linear elastic behaviour or not, assuming that a tangent stiffness matrix could be defined between two consecutive time steps.
The iterative method used here deals with the acceleration as the iteration variable. Considering that viscous damping may be neglected in the majority of dynamic problems, as in the application under discussion here, the iteration scheme is set up as follows:
At each time step t ‡ ¢t it is possible to define the structure kinematic state from the previous iteration at instant t:
Equation (2) can be written as the compact expression
where R st is the internal restoring force vector (experimentally measured). The iterative procedure starts once the initial conditions for displacement and velocity are defined. The acceleration at tˆ0 may be calculated from U 0ˆ[ M] ¡1 F 0 . Therefore, the starting conditions for a pseudo-dynamic test need numerical definitions for the matrices and vectors included in equations (4) and (5) . Once equation (5) is solved for the acceleration vector at time step t ‡ ¢t, the velocity and displacement vectors are calculated from equations (3a) and (3b). Also, it is necessary to solve [K]U t only for the first iteration of the method, in order to start running the process, defining the velocity and acceleration vectors for the next time step.
Once the degrees of freedom from the structure discretization are defined, the displacement actuators and load cells allocated to that level allow the vector R st to be directly accessed; there is no need for further calculation of the product R stˆ[ K]U t . At any time step, the structure will respond with its own physically real behaviour, whether it is linear elastic or not.
SUBSTRUCTURING IN PIPING SYSTEMS
When a structure to be analysed is of considerable size, it is possible to test only some subsets, using substructuring procedures. Pseudo-dynamic techniques are an attractive tool for this purpose. The test specimen, assumed to be detached from a global structure, now has compatibility nodes or contact matching surfaces, which are assigned to internal degrees of freedom. In the experimental steps of the analysis, these nodes or surfaces are available to receive the installation of displacement actuators, as previously described. Furthermore, as only degrees of freedom along contact surfaces or matching nodes will be selected in this analysis, the test specimen is equivalent to a structure where condensation of internal degrees of freedom was carried out.
In the present analysis, a simple piping structural arrangement and a test substructure, submitted to in-plane dynamic forces, were considered, as presented in Fig. 1 . The overall dimensions are given in Table 1 and the mechanical properties in Table 2 . A pseudo-dynamic analysis of the substructure including a pipe elbow was performed and is reported herein.
The test rig used for this purpose is schematically represented in Fig. 2 . It consists of a simple and rigid Lshaped HEB beam arrangement with fixtures to receive two pairs of position motors. The position motors consist essentially of a precision worm gear-type speed reducer, fitted with a backlash-free power screw. Each pair can be driven simultaneously, therefore inducing a nodal displacement to the substructure test specimen, or they can be operated separately, generating an angular nodal rotation. Both superimposed motions will complete the displacement field, compatible with the kinematics state of the global structure at each time step. At each position of a clamping ring pair a load cell is inserted between the clamping rings and the screw actuator in order to measure the internal reaction force, prescribing a displacement set as shown in Fig. 2 .
According to the substructuring basis, a macro-element is defined from the principal structure. The substructure is subjected to a displacement field at the interface nodes, generating the respective internal compatibility force field. This displacement-force system must be in geometric agreement and equilibrium with the corresponding data of the remaining structure subsets via the contact nodes or surfaces, as previously referred to. Figure 2 shows the definition of internal degrees of freedom and reaction forces necessary for analysis.
Considering an in-plane dynamic load in the test specimen, the substructure compatibility nodes N i and N j include a pair of displacements (vertical and horizontal respectively, referred to a global basis {x 0 , y 0 }) and a nodal rotation ö.
The next step consists in defining equation (1), but now configured for a substructure test specimen. From Fig. 2 , it is considered that three macro-elements may be defined, as follows:
(a) a horizontal run starting at left-hand side node 4 until node N jˆ3 ; (b) the test specimen, or substructure (detail in Fig. 2; containing nodes N iˆ2 and N jˆ3 ); (c) a vertical run joining node N iˆ2 to node 1 (built in to a rigid fitting or rigid boundary).
Only the substructure will be subjected to the pseudodynamic test. Stiffness and mass matrices for the other piping sets (the horizontal and vertical runs) have elemental calculation, available from basic solid mechanics.
The calculation of the stiffness matrix for the test Fig. 2 Test rig for pseudo-dynamic test in piping arrangements with substructuring specimen needs a more elaborate analysis. This can be achieved by use of the finite element method, where it is possible to use two methods, as in the case of conventional finite shell elements or finite ring elements [27] [28] [29] [30] . All these numerical tools have presented quite accurate results, in spite of the need for more complicated meshes with application of conventional shell elements.
In the above procedure, substructuring was considered to simplify the analysis. As mentioned, substructuring techniques lead to a condensation process for the degrees of freedom of each structure subset. The stiffness matrix only contains elements referring to degrees of freedom shared with other structure subsets.
According to the degrees of freedom identified in the pipe detail in Fig. 1 , the stiffness matrix has a 6 3 6 arrangement, once there are three parameters assigned to each node. The experimental calculation of the stiffness matrix was performed according to the definition of each of the matrix factors. Figure 3 shows schematically how the calculation of the stiffness factors was carried out.
The strategy to set up the experimental calculation of the substructure stiffness matrix does not rely on any predefined arrangement. For convenience, related to a numbering adopted for the position motor location, the arrangement started by prescribing a horizontal displacement ¢ l at node j of the substructure in Fig. 1 . At the same time, all the other degrees of freedom were set to zero (this was achieved by preventing any other translation or rotation at nodes i or j). The procedure made it possible to define six coefficients, as a result of the structural elastic response to the prescribed displacement ¢l. It is noted here that virtually any displacement intensity can be prescribed, provided that the structure may be distorted within the elastic field. The stiffness matrix to be defined is arranged as follows: 
With this procedure, factors k 11 to k 13 assigned to node N j can be obtained. The imposition of the horizontal displacement ¢l makes it possible to define the first line in equation (6) by simply reading the load cells installed in the driving screws of each position motor, as described. Such read force values must be normalized, after dividing them by the intensity of the prescribed displacement. The first line of equation (6) is as follows:
where F vc1 and F vc2ˆf orces read from the vertical load cells F hc1 and F hc2ˆf orces read from the horizontal load cells Hˆdistance between clamping rings applied to the test specimen (see Figs 2 and 3) (Data read from load cells are now assumed to be normalized.) Following the proposed notation for the stiffness matrix arrangement, k 11 represents the force necessary to move the degree of freedom '1' horizontally by one unit of length. An equivalent statement identifies k 12 as the vertical structure reaction necessary to maintain a null vertical displacement (vˆ0) for node N j . It is possible to measure this reaction from vertical load cells with forces F vc1 and F vc2 , after having inverted the resultant signal. Also, the reaction bending moment measured at node N j defines k 13 . From the same prescribed value, other values are available in the set-up of the first matrix line: The factors k 33 to k 66 (where this last factor is a 'reflected' force pair at remote node N i ) result from a prescribed rotation at node N j , as shown in Fig. 4 . Naturally, at this step, all other degrees of freedom must be restrained:
More matrix terms can be calculated, however redundant, by considering symmetry in the stiffness matrix. Nevertheless, such verification was carried out, as this action showed that the expected symmetry was not presented very accurately. Possible reasons for this are structural imperfections in the rig (lack of absolute rigidity) or some loss of precision in the position motors, which exhibited increasing backlash in the positioning screw after a few tests under load. Also, an absolutely still position for the pair of position motors could not be achieved in the cases of remote bending moments, for example, and thus symmetry in the substructure stiffness matrix was not ensured.
In order to define an approach to the problem, matrix symmetry was enforced simply by taking the mean value between each pair of symmetric factors:
Effective k ijˆf k ij g measured ‡ fk ji g measured 2 (11) Considering the parameter numbering in Fig. 1 , the following arrangement for the unknowns is assumed:
The experimental results for the stiffness matrix for the test specimen (equivalent to the problem substructure), having considered the previous approach for symmetry in off-diagonal terms, is denoted [K subest ] and expressed in SI units (N=m or N m=rad):
The substructure mass matrix was set up from a lumping distribution criterion proposed by Cook et al. [31] . Considering the inertial effects assigned to the degrees of freedom in equation (12) 
where L total refers to the total developed length of the test specimen ( Fig. 1) and mˆ2ðrhr is the mass per length unit.
To complete the problem definition, stiffness matrices for straight pipe runs were taken from the Euler-Bernoulli beam theory, available from structural mechanics textbooks. In this work, results for stiffness matrix beam elements from Reddy [32] were considered. Such matrices referred to straight pipe runs are identified as [K tvert ] and [K thoriz ] respectively. The global stiffness matrix of the complete structure is arranged, having assembled the stiffness matrices of each substructure in banded location, as sketched in Fig. 5 . The assembled stiffness matrix contains superimposed k ij parameters from adjacent or connected elements. This is the case of nodes 2 and 3 referring to parameters {u 2 , v 2 , õ 2 } and {u 3 , v 3 , õ 3 } respectively. The final size of the global stiffness matrix is a 6 3 6 arrangement, because node 1 has all displacements and rotation prescribed as zero (built-in node), while node 4 has a harmonically timedependent vertically prescribed displacement, with zero for the remaining unknowns.
As previously stated, in algorithm (5) the right-hand side
time stepˆt (15) where the product
corresponds to the internal substructure force vector or substructure restoring force vector as mentioned previously. This force vector is available after data reading from load cells installed at the level of the substructure degrees of freedom, as described.
As reported previously, the calculation of the global stiffness matrix is necessary only at the first time step for the Newmark method start-up, where all substructure matrices must be defined in advance. A mixed procedure is carried out with this method, where numerical data determine the generation of experimental values that are fed back again in the same iterative algorithm. The process ends when the user decides the maximum number of iterations or the structure reaches a collapse configuration.
TEST PROCEDURE
A pseudo-dynamic test based on the previous mixed procedure is described. The experimental set-up used in the work and sketched in Fig. 2 is shown in Fig. 6 , where a detail shows the arrangement of the strain gauges. The strain gauges are of rosette type, allowing complete strain definition for the piping accessory analysed here. Figures 6  and 7 show the schematic diagrams of the data acquisition system and the automated driving block to activate the set of position motors.
The external force is applied at node 4 ( Fig. 1 ) along the vertical direction; this force depends on time t as depicted in Fig. 8 . Its variation consists in uniformly increasing as a Fig. 5 Band assembling arrangement for element stiffness submatrix Fig. 6 A global view of the pseudo-dynamic testing device for in-plane bending of a curved pipe with tangents and a detail of the arrangement of strain gauges ramp until tˆ0:6 s, reaching a top value of 10 N and then suddenly vanishing after that time. The basic time step lengths are ¢tˆ200 ms. It is noted that the external force does not represent any standard action; the aim of this shape function for the external load is only to investigate the accuracy of the method, once slow and sudden load changes are involved. Figure 9 shows vertical and horizontal displacements at nodes 2 and 3 (notation of Fig. 1 ) calculated after the pseudo-dynamic technique and with a totally numerical Newmark analysis. In this last procedure, the finite elements in the structure mesh have stiffness matrices based on the Euler-Bernoulli theory for the long straight pipe runs, while the substructure of the elbow-tangent parts has the previous experimentally calculated stiffness matrix. Figure 10 depicts the longitudinal membrane stress ó xx at the transverse section at equal distance from elbow ends. As a consequence of the elbow ovalization in this section, the curved pipe becomes more flexible than the equivalent straight element. High stress values may be reached, in spite of having loaded the accessory with relatively lowlevel bending moments, as described by Thomson [33] .
Graphical results for displacements and rotations in nodes 2 and 3 ( Fig. 1) show that there is some lack of agreement between the maximum values of the pseudo-dynamic and the total numerical analysis. Nevertheless, the global time variation of the investigated data matches fairly well. Some reasons for the detected facts are as follows:
1. The global behaviour of a dynamically stressed structure was estimated from substructuring techniques. Some modelling difficulties impairing the procedure accuracy were presented. This is the case when setting the degrees of freedom at the level of nodes 2 and 3 in the test specimen, having considered in the finite element analysis that the substructure nodes were effectively taken at equal distance between clamping ring pair (see Fig. 2 ). 2. The overall dimensions of the substructure in the test imposed too coarse a lumped mass matrix; this also applies to the remaining straight elements, which might have been assumed to be too long, for simplicity. 3. The clamping rings loading the test specimen really act as rigid flanges, thereby inducing end effects in the tangent parts, which was not considered in the numerical model. Millard and Roche [34] presented a detailed study about the propagation effect from end constraints at thin-walled pipes, as in the case of rigid flanges. 4. A local buckling close to the clamping rings pair could happen. It is noted that a reasonably high value for the displacement at node 3 was calculated (about 5 mm). 5. A false in-plane bending (ideally assumed) could happen, thereby inducing cumulative errors during the experimental and numerical data transmission. This lack of precision in the rig design may also be associated with friction occurring at the level of spherical bearings used to drive each clamping ring pair. 
CONCLUSIONS
The test results suggest some revision in the rig design, rather than in the method itself, which has proved to be quite accurate whenever rigid and simple rigs were used. This applies to civil engineering constructions, where the displacement field to be prescribed for the structure in analysis is only horizontal, requiring simple design test rigs, thereby contributing to minimizing global error analysis. The present study has to deal with a more elaborate test rig, where more error sources may be expected. Nevertheless, the application of pseudo-dynamic techniques presented in this work led to a result that converged and 
